The transverse magneto-optical Kerr effect (TMOKE) in magnetite-based magneto-plasmonic crystals is studied experimentally and theoretically. We analyze TMOKE angle-resolved spectra from two type of structures where noble metallic stripes are incorporated inside thin magnetite film or located at the top of the homogeneous film. A multiple wide band enhancement of TMOKE signal in the transmission mode is demonstrated. The complex dielectric permittivity and gyration are measured using the ellipsometry technique. The dispersion of optical resonances is investigated by the rigorous coupled wave analysis (RCWA). The role of guiding modes in the TMOKE enhancement is revealed. Our RCWA calculations of transmission and TMOKE are in good agreement with experimental results. Our results demonstrate that TMOKE provides rich information about the studied optical resonances.
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I. INTRODUCTION
Magneto-optical effects in magnetic nanostructure materials is currently attracting a great deal of attention because it provides a possibility for control of intensity of reflected and transmitted light. It causes the TMOKE potential for data storage [1] , for use in optical isolation systems [2] [3] [4] [5] , in various magnetic sensors [6] [7] [8] and biological sensors [9] [10] [11] [12] , in optical filtering [13, 14] . Magnetooptical effects can also be used for realization of ultrafast optical switches in nanophotonic circuits where instead of slow varying external magnetic field the short radiofrequency or optical pulses are applied to govern the magnetization dynamics in magnetic media [15] .
One of the most common and prominent intensity effects is a transverse magneto-optical Kerr effect which is defined by the relative change of the reflected or transmitted intensity at the interface between two materials for the two opposite directions of an in-plane magnetiza- * e-mail: s.dyakov@skoltech.ru
where I is the intensity of reflected or transmitted light which is incident in the plane perpendicular to the magnetization direction. TMOKE has been actively studied in ferromagnetic metals [16] [17] [18] [19] and was actively used for investigation of the energy structure in ferromagnetic systems. In planar structures, e.g. homogenous films consisting of conventional magnetic materials, the TMOKE has values less than 10 −3 which substantially limits its applicability. Yet, TMOKE has an important feature, i.e. it is determined by the magnetic properties of the interface and sample geometry and therefore it can be used for control of light at the nanoscale. Recent advances in nanotechnology allowed to develop magnetic nanostructures where the magnitude of TMOKE is significantly increased in the vicinity of optical resonances [20] [21] [22] [23] [24] [25] . In particular, the TMOKE enhancement has been demonstrated in magnetoplasmonic crystals [26] [27] [28] [29] [30] [31] [32] [33] and magnetoplasmonic nanoantennas [34] [35] [36] [37] where the plasmonic resonances come into play.
Of particular interest is the TMOKE in transmission mode obtained in structures which lack the mirror symmetry. Moreover, in some applications a finite transparency is required which excludes purely metallic structures based on ferromagnetic metals. Significant progress has been achieved in hybrid plasmonic structures where the combination of noble metal and magnetic dielectric with low optical losses resulted in significant enhancement of TMOKE in the vicinity of surface plasmon polariton resonances [26, 27] . TMOKE magnitude up to 15% have been reported in bismuth substituted iron garnets (BIG) covered with gold gratings [29, 38] . Investigation of other magnetic materials in combination with noble metallic structures is interesting in order to explore new functionalities, especially what concerns TMOKE in transmission mode.
In this work we study the TMOKE in magnetoplasmonic crystals containing magnetite film capped by the gold nanostripes array. Great interest in TMOKE properties of magnetite is is due to the fact that it is the most magnetic of all the naturally-occurring minerals on Earth. Magnetite belongs to the class of ferrimagnetics; its magnetic properties are well-known since the ancient times. Magnetite has large variety of its applications, from biomedical to environmental. To the best of our knowledge, there are no publications describing the TMOKE properties of magnetoplasmonic systems containing magnetite. Therefore, we believe that this study can be interesting both from practical and fundamental viewpoints.
II. DESCRIPTION OF SAMPLES
In our theoretical and experimental studies we consider three samples shown in Fig. 1 . The sample A is a bare magnetite film which we use a a reference. The samples B and C contain both the magnetite film and the gold stripes grating. The magnetite film thickness in all samples is d = 100 nm. In the samples B and C, the grating period is a = 580 nm, the gold stripe width is w = 400 nm and the gold thickness is h = 40 nm.
The magnetic films containing Fe 3 O 4 /a-Fe nanoparticle complexes were synthesized with the laser electrodispersion technique on quartz substrate with subsequent annealing in vacuum (10 −4 Pa) at T = 300
• C for 1 h. The single-crystal Fe 3 O 4 was used as initial target [39] . X-ray diffraction and electron microscopy studies showed that the average size of magnetic nanoparticles in films was 6-10 nm and these particles have the crystal structure of magnetite [39] . The coercive force and the saturation magnetization of the synthesized nanostructured films were as large as ∼660 Oe and ∼520 emu/cm 3 , respectively. These values are considerably higher than the corresponding parameters of polycrystalline Fe 3 O 4 films.
200×200 µm arrays of gold nanostripes were created by lift-off electron beam lithography on magnetic films as follows. 300 nm thick positive e-beam resist PMMA 950K (Allresist, Gmbh) was spin-coated on the substrate and ebeam lithography was performed. After developing of the e-beam pattern, 40 nm gold with 5 nm titanium adhesive layer were deposited by thermal evaporation and lift-off process was performed forming gold stripes. SEM and e-beam characterization has been carried out by electron microscope JSM 7001F (JEOL, Japan) equipped with ebeam system 'Nanomaker' (Interface Ltd, Russia). SEM images of samples B and C are shown in Fig. 2 .
III. OPTICAL CONSTANTS OF MAGNETITE
The optical properties of the magnetized magnetite can be described macroscopically by the non-diagonal dielectric permittivity tensor which in the linear approximation to the magnetization has the form
where ε is the dielectric permittivity of magnetite in the absence of magnetization. The diagonal components of the dielectric tensor are all equal owing to the fact that magnetite crystal has the cubic symmetry. The complex gyration vector g = (g x , g y , g z ) is proportional to the magnetization g = α M where the proportionality factor α does not depend on the magnetization direction. Magnetic permeability is assumed to be unit. The complex dielectric permittivity ε and complex gyration g z are taken from [? ] (see Fig. 3 ).
IV. THEORETICAL METHOD
To calculate the reflection and transmission spectra we used a Fourier modal method in the scattering matrix form [40] also known as a rigorous coupled wave analysis (RCWA) [41] . In order to achieve a better convergence with respect to the number of plane waves, we employ the Li's factorization rules [42] . In our RCWA simulations, we used 31 plane waves. The eigenmodes of structures are calculated by finding the poles of the scattering matrix [43] .
V. OPTICAL RESONANCES IN MAGNETOPLASMONIC CRYSTALS WITH MAGNETITE
We start with the theoretical analysis of samples eigenmodes. From the viewpoint of optical resonances, the magnetite film on silica substrate is a lossy slab waveguide. Its guided resonance modes below the silica light line are shown (Fig. 4(a) ). These modes do not appear in the far field transmission or reflection spectra due to the momentum conservation law. The presence of a periodic gold grating in the samples B and C folds the guided resonances of the bare magnetite film into the first Brillouin zone making them potentially visible in the far field [40, 44] . However, the folded guided modes of the magnetite slab waveguide is not what one can expect to see in the samples B and C. This is because the gold grating itself has the plasmonic resonances in TM-polarization driven by the collective oscillation of electrons in the nanostripes. These plasmonic resonances interact with the guided resonances of magnetite film forming hybrid modes (see Fig. 4(b,c) ) [45] [46] [47] [48] .
The resulted photon quasimomentum k and energy a/λ dependencies of the transmission and TMOKE for the samples A-C are shown in Fig. 4(d-i) . The transmission through the bare magnetite film is rather low due to the high absorption in it. The weak wide peak in the transmission at 0.6(a/λ) is due to the absorption minimum in the imaginary part of magnetite dielectric permittivity ε (see Fig. 3 ). The TMOKE strength in the bare magnetite film does not exceed 0.07% for the wavevectors which are not very close to the silica light line. The transmission spectra of the samples B and C have new features compared to the bare magnetite film. The spectral positions of the transmission maxima and minima are close to the eigenmodes shown in the Fig. 4(b,c) . The corresponding TMOKE strength for the samples B and C reaches the value of 1.5% which is more than 20 times higher than in the case of the bare magnetite film. The TMOKE spectra of the samples B and C appear to rather informative as they exhibit the color change (white stripes) which often, but not always, can be associated with a particular resonance not clearly visible in the transmission. For example, in the TMOKE spectrum shown in Fig. 4 (h) the lowest white stripe at (a/λ) 0.53 indicates the existence of the eigenmode below the intersection of folded silica light lines. Indeed, as can be seen in Fig. 4(b) this mode exists, however it is practically not seen in the corresponding transmission spectra (Fig. 4(e) ).
In order to explain the origin of the described resonance behaviour of the transmission and TMOKE we simulate the electromagnetic near-field distribution of the eigenmodes. In Fig. 5 we plot the electric field intensity and the xz-component of electric field for the samples B and C at the selected photon energies. One can see from They also have the features of guided resonances because the substantial part of the field intensity is located in the magnetite film.
To understand the origin of such hybridization, we calculate the eigenmodes of samples B-C in the empty lattice approximation within the first Brillouin zone. In this approximation we find the poles of the scattering matrix of the same structures as shown in Fig. 1(b,c) with the exception for fact that the periodic gold grating is replaced with the average homogeneous medium. Hereinafter we will use the notation B and C for the new approximated structures. From the inspection of the eigenmodes shown in Fig. 4g-i one can see that they already explain some of the features in the transmission and TMOKE spectra. However, for example, the mode splitting in the Γ-point is not explained in this approximation. The electric field intensity profiles of these modes in the approximated structures are shown in Fig. 6 . For the sample A, the fields represent, as it has been mentioned, the guided resonance modes. The electric field in the TM mode (blue line in Fig. 6(a) ) has the maximum density outside of the magnetite film due to the absorption losses in magnetite and also due to the relatively low refractive index ratio of magnetite and substrate (≈ 1.46). In the averaged sam- ples B and C the situation is even more complicated. Indeed, in these samples the thin homogeneous gold film is surrounded by media with different refractive indices. In the sample B these are the air and magnetite, while in the sample C these media are magnetite and silica. In each of the samples, a surface plasmon polariton mode at one interface interacts with closely located surface plasmon polariton mode at another interface. Further, these hybrid surface plasmon polariton modes couple with the guided mode of magnetite forming the field profiles shown in Fig. 6(f-j) .
The above description reveals two mechanisms of the modes hybridization in magnetoplasmonic crystals B and C. The first mechanism is the coupling between surface plasmon polaritons and the guided modes due to the their close spatial localization. The second mechanism is the interaction of these already hybrid resonances with the photon continuum. It leads to the appearance of Fanotype resonances in the optical transmission and reflection spectra of such structures.
VI. EXPERIMENTAL DEMONSTRATION OF THE TMOKE ENHANCEMENT
To demonstrate the TMOKE enhancement in synthesized samples experimentally we have measured the TMOKE using a Fourier imaging spectroscopy setup. The samples are positioned between ferrite cores of an electromagnet, with the external magnetic field varying from 0 up to 0.6 T oriented in-plane of the magnetic film perpendicular to the incidence plane. Angular and wavelength resolved reflectivity were measured at a temperature of 300 K using a tungsten halogen lamp, which illu- minates the sample with p-polarized light. The reflected light is collimated using a microscope objective with N.A. of 0.4, resulting in the experiment angular range of -23
• to +23
• . A telescope consisting of two achromatic doublets maps the collimated light onto the imaging spectrometer slit and CCD behind, providing a spectral resolution of 0.6 nm and an angular resolution of about 0.4
• .
For the hysteresis measurements in transmission the sample was rotated by 23
• along the transverse magnetic field axis. An achromatic doublet lense was used to focus the p-polarized light onto the grating area at a fixed angle of 23
• ± 1
• . The transmitted light was focused onto the spectrometer slit using a second achromatic doublet lens. The magnetic field was sweeped from -105 mT to 105 mT with a step of 7 mT in forward and backward direction. The light intensity was detected separately at each magnetic field step. For the determination of TMOKE strength, the relative difference of the transmitted intensity in forward direction and backward direction at the opposite magnetic field was calculated.
The magnetic field dependence of the TMOKE for the sample B is shown in Fig. 7 at θ = 10
• for different wavelengths. Saturation takes place already at a magnetic field of 0.1 T. We notice that the saturated magnetic field for the transverse Kerr effect geometry is sufficiently smaller than that for the polar Kerr effect. This is due to the appearance of a demagnetizing field which depends on the orientation of the applied magnetic field with respect to the sample surface [49] . For the case when the external magnetic field is perpendicular to the sample, the demagnetizing field is maximal which sets the easy axis in the plane of the magnetite film. Hence, higher applied magnetic field is required to reach the saturated magnetization. All further measurements have been conducted at saturated external magnetic field.
The measured reflection and transmission spectra for the samples A, B and C are shown in Fig. 8 in comparison with the results of theoretical simulations. It can be seen that the enhancement of the TMOKE signal is observed in the transmission mode only. We attribute this effect to the excitation of hybrid modes discussed above. Fig. 9 shows the experimental and theoretical wavelength and angular dependencies of the transmission and TMOKE for the samples B and C. We note that we get good agreement between theoretical and experimental data.
VII. CONCLUSIONS
In conclusion, we have studied the TMOKE effect in synthesized structures with magnetite and gold nanostripes. We have demonstrated the multiple wide-band enhancement of the TMOKE response in magnetoplasmonic crystals compared to the bare magnetite film. We attribute this effect to the hybridization of the guided modes of magnetite film and plasmonic modes of gold grating. Since the easy axis of the magnetic films is located in the plane of the structure, the TMOKE magnitude saturates already in small magnetic fields of about 100 mT and shows clear hysteresis allowing to perform switching of light intensity between two states. 
